We propose a matter effect for the gravitational ultraviolet/infrared (UV/IR) mixing solution to the cosmological constant problem. Previously, the gravitational UV/IR mixing model implied a non-standard equation of state for dark energy, contradicting observation. In contrast, matter effect gravitational UV/IR mixing accommodates a standard ΛCDM cosmology with constant dark energy. Notably, there are new density-dependent predictions for futuristically precise measurements of fundamental parameters, like the magnetic moments of the muon and electron.
I. INTRODUCTION
The cosmological constant problem can be expressed as follows. Let us compare the observed vacuum energy in our universe V 4 obs ∼ (2 meV) 4 to the zero-point loop vacuum energy contribution from a field with mass m and momentum p,
where the last expression has assumed m ≪ Λ U V and for now we neglect the infrared cutoff, setting Λ IR = 0. Standard Model field dynamics have been explored up to an ultraviolet cutoff Λ U V ∼ TeV. With no evidence for a mechanism that cancels these contributions to the cosmological constant, after probing energies up to a TeV at colliders, the straightforward prediction for vacuum energy from field fluctuations in our universe is at least ∼ TeV 4 , which is nearly sixty orders of magnitude larger than observed. For a review of the cosmological constant problem, see [1] . A crucial assumption in the above argument is that the local quantum field theory underlying Eq. (1) is validly applied up to a cutoff Λ U V across a region the size of our universe. The gravitational UV/IR mixing solution to the cosmological constant problem proposed by Cohen, Kaplan, and Nelson [2] (CKN) argues to the contrary, that effective field theory breaks down for any UV cutoff Λ U V meV in a region the size of our universe. The gravitational UV/IR mixing proposal follows from the observation that there will be inherently nonlocal gravitational dynamics in sufficiently large and dense systems. If looplevel zero-point field energy densities over a space L are so large that a black hole forms inside L, we have entered a computational regime for which our local effective field theory has broken down, unless the theory properly accounts for the presence of virtual black hole states in loop-level field dynamics. Put another way, we should expect that the infrared cutoff of our theory Λ IR = 1/L, implies a UV cutoff at around the threshold for black hole formation. It follows that zero-point loop corrections to vacuum energy in a properly defined effective field theory can only be reliably calculated if
where 4π 3 L 3 is the volume of the space, R S = 2GM is the black hole horizon, δρ Λ is the loop contribution to the vacuum energy density, and G = 1 M 2 P is Newton's constant. Saturating this inequality leads to a maximum vacuum energy contribution from loop corrections,
In essence, this inequality reflects that Eq. (1) should only be evaluated up to a UV cutoff Λ U V = δρ 1/4 Λ ≃ M P /L, consistent with our ignorance of quantum mechanics around black holes, whose size is determined by the IR cutoff Λ IR = 1/L.
If the Hubble parameter is used as an IR cutoff for the universe [2] , Λ IR = 1/L = H, the prediction for loop contributions to vacuum energy is δρ Λ ∼ meV 4 , which is around the size of the observed vacuum energy. This can be verified by comparing Eq. (3) to the reduced Friedmann equation for a background density ρ in flat space,
and noting that the energy density of our universe is presently ρ ∼ meV 4 . This remarkable result can be understood as a consequence of our universe being both flat and critical, to within current measurement precision [3] . In other words, the vacuum dominated energy density we have observed within a Hubble radius is very near to the energy density required to form a black hole. On the other hand, using the Hubble parameter as IR cutoff and treating Eq. (3) as an equality,
immediately predicts a problematic equation of state for vacuum energy in our universe [4] .
Our universe was initially radiation and then matter dominated. During these expansionary epochs, H will evolve with the expansion scale factor a like 1/a 2 and 1/a 3/2 , respectively. This implies that vacuum energy δρ Λ in Equation (5) will also redshift approximately like matter and radiation during these epochs. Reference [4] pointed out that Eq. (3) implies a non-standard equation of state, specifically w ≡ δP δρ > 0, for the vacuum energy density δρ Λ . This can be excluded using present measurements of the equation of state for dark energy w = −1.03 ± 0.03 [3] . Subsequently, Reference [5] proposed using the future event horizon of the universe as the IR cutoff in (3), L = a ∞ t dt a . However, the most straightforward version of this future horizon proposal predicted w ≈ −0.9.
In the remainder of this paper we propose a matter effect variant of the gravitational UV/IR mixing solution to the cosmological constant problem, which allows for a simple cosmological constant (w = −1), implies certain bounds on the curvature of the universe, and predicts new corrections to lepton g − 2 measurements at futuristically precise experiments.
II. MATTER EFFECT GRAVITATIONAL UV/IR MIXING
Incorporating a matter effect substantially changes the gravitational UV/IR mixing solution to the cosmological constant problem. While the UV/IR mixing contribution to the vacuum energy of the universe proposed by CKN requires that zero-point loop corrections to the vacuum energy density not exceed the threshold where a black hole would form in a space of size L, we propose that the restriction should be extended to include any matter, radiation, and "bare" vacuum energy contained in a space of size L. This proposal aims to incorporate the effect of physical field densities present in a system.
Our contention is that, insofar as a quantum field theoretic description of the volume enclosed in L is breaking down when the field density of the system reaches a certain threshold, one should treat "virtual" and "physical" field configurations on equal footing. In other words, the new "matter effect" condition is that both virtual contributions to the energy density of a system and physical or "on-shell" field configurations, should not exceed the energy density of a black hole filling the space occupied by the system,
where ρ 0 = ρ m + ρ r + ρ Λ is the sum of all physical contributions, matter, radiation, and vacuum energy, to the energy density of the system. Note especially that ρ 0 includes any physical (ρ Λ ) as opposed to virtual (δρ Λ ) contribution to the vacuum energy.
The matter effect gravitational UV/IR inequality indicating the breakdown of effective field theory for calculating loop contributions to vacuum energy is
Setting this to an equality leads to a vacuum energy contribution
In the final expression we have introduced an order unity constant κ, which parameterizes the equality. In the case that effective field theory breaks down when field energy densities imply the formation of an uncharged, spin zero black hole, we expect κ = 1.
III. MATTER EFFECT UV/IR MIXING COSMOLOGY
In order to apply the matter effect UV/IR relation to any system, including the observable universe, we need to determine the length scale which defines the IR cutoff of the system, Λ IR = 1/L. Because the Hubble horizon defines the boundary beyond which material recedes from an observer faster than the speed of light, it provides a natural choice as an IR cutoff for the universe, since we are interested in whether a black hole would form from physical and virtual field densities contained in some region. The Hubble horizon was used as an IR cutoff for the universe in [2] , L −1 = H = Λ IR . As already mentioned, [5] proposed using the proper distance to the event horizon of the universe as an IR cutoff, L = a ∞ 0 dt a = a ∞ a da Ha 2 , which resulted in an equation of state for dark energy closer to w ≈ −0.9. In the following treatment of matter effect UV/IR mixing, we will use the Hubble horizon as the relevant IR cutoff length scale. For a discussion of other IR cutoff choices, see Appendix A.
In the case that our length scale is given by the Hubble horizon, Eq. 8 becomes
This equation bears a striking resemblance to the Friedmann equation in flat space, 3M 2 P H 2 /8π = ρ 0 + δρ Λ , although it has been derived by other means. Note in particular that for a flat universe and κ = 1, loop corrections to the cosmological constant will vanish, δρ Λ → 0, if the vacuum energy in our universe is attributed to a cosmological constant ρ Λ = V 4 obs . In this case, the Friedmann equation becomes
Substituting this into Eq. (9) with κ = 1, we find δρ Λ = 0. Evidently matter effect gravitational UV/IR mixing addresses the cosmological constant problem by predicting that effective field theory breaks down for any δρ Λ > 0, in the presence of a physical vacuum energy density, ρ Λ = V 4 obs . This altogether implies a constant background vacuum energy V 4 obs , with effective field theory breaking down if any additional zero-point loop contributions to vacuum energy are introduced.
A. Flat and Open Curvature in Gravitational UV/IR Mixing
Matter effect gravitational UV/IR mixing makes some predictions regarding the curvature of the universe. To understand curvature in gravitational UV/IR mixing cosmology, we first consider the full Friedmann equation for a homogeneous, isotropic universe,
where ρ k ≡ −k a 2 accounts for the curvature of the universe and k = −1, 0, +1 for an open, closed, and flat universe, respectively.
Substituting this full Friedmann equation into Eq. (8) with L = H −1 , we find
As we have already noted setting ρ k = 0 and κ = 1, which is consistent with present measurements [3] , implies a flat universe and is compatible with vanishing zero-point loop corrections to vacuum energy, and the result of that computation was the Friedmann equation for a flat universe.
We have seen that matter effect UV/IR mixing would be consistent with a perfectly flat universe. However, given that our starting point, Equation (7), really only gave an approximate prediction for the scale at which effective field theory breaks down, we should examine what happens when κ and ρ k take on different values. We should also account for Eq. (7) being an approximate inequality. Using the Friedmann equation and setting L = H −1 we can rephrase Eq. (7) as
where κ d now defines deviations from the inequality given in Eq. (7) . We recall that around Eqs. (7) and (8) we argued that our effective field theory is supposed to break down for κ d 1, since this implies a region inside radius H −1 with a total energy density greater than that required to form a black hole. Therefore we may at first suppose that κ d ≤ 1. In this case ρ k will never be negative, which implies that the universe is either flat or open. In fact, for κ d < 1, the universe is necessarily open. Moreover, the observation of a nearly flat universe thus requires that κ d is not too small, κ d ≥ 0.994 at 2σ, using both cosmic microwave background and baryon acoustic oscillation data [3] .
B. Closed Universe Limitations
It is also possible to fruitfully consider the case that κ d > 1, which implies that the inequality in Eq. (7) is slightly violated. In this case, the matter effect UV/IR mixing formula would predict a closed universe, but it also implies a limit on how large curvature will become in the future. First, we note that the only non-constant part of the left hand side of Eq. (13) is H 2 . This means that we can define a constant
where this definition emphasizes that κ d > 1. Eq. (13) becomes
where ρ k has been defined at a reference scale (a = 1). This yields a minimum value for |ȧ|,
We see that sinceȧ is positive at the present time, it will always be positive, which implies that a matter effect UV/IR closed universe cannot have both finite space and finite time.
We now obtain a restriction on the curvature of this theory using the Friedmann equation,
where we have defined all energy densities as being fixed at reference scale a = 1. In what follows we will also define C F ≡ 3 8π M 2 P for convenience. Now schematically, we know that our universe is radiation dominated at early times. Therefore, there is a value ofȧ at early times where the radiation-dominated energy density of the universe is approximately ρ 0 anḋ
where the inequality on the right hand side of this expression is obtained from Eq. (16). This in turn implies a bound on the curvature of a closed UV/IR mixed universe,
IV. EXPERIMENTAL CONSEQUENCES FOR MATTER EFFECT UV/IR MIX-ING
From Eq. (8), it follows directly that matter effect gravitational UV/IR mixing predicts observable consequences for particle experiments with sensitivity to new dynamics at an effective field theory cutoff
where we reiterate that ρ 0 is the energy density in the region that the experimental measurements take place and L is the length scale of the region, which is related to the infrared cutoff as Λ IR ∼ 1 L . Note that unlike Eq. (8), Eq. (20) has not assumed a spherical geometry for the region bounded by L.
In the original gravitational UV/IR proposal, CKN noted that electron g − 2 measurements might some day reach the precision required to observe non-local gravitational corrections. CKN calculated the minimum possible correction to the electron g − 2 by simultaneously varying both UV and IR cutoffs [2] . On the other hand, in a companion paper [6] , we have found that a straightforward choice for the infrared cutoff Λ IR , leads to interesting and measurable consequences for the muon g − 2. Indeed, we have found that this could serve as an explanation of the anomalous muon g − 2 anomaly observed in the last decade. However, for the purposes of calculating the relative impact of a matter effect UV/IR mixing correction to lepton g − 2 measurements, δ(g − 2) M E , as compared to the original UV/IR mixing correction δ(g − 2) U V /IR , here we will not need to directly address the definition of the IR cutoff Λ IR . In fact, the matter effect correction to gravitational UV/IR mixing at particle experiments can be obtained without specifying an IR cutoff.
With the UV cutoff for new dynamics defined as in Eq. (20), we would like to consider whether terrestrial experiments could reach the precision necessary to test matter effect UV/IR mixing. The leading order muon g-2 correction from UV/IR mixing is [7] 
where α is the fine structure constant and we have expanded in the limit that the matter effect correction is small, ρ 0 ≪ M 2 P 2L 2 , which we believe is satisfied by any presently conceivable terrestrial experiment. Therefore, the matter effect correction to UV/IR mixing in the laboratory relative to the UV/IR mixing correction is approximately
where we have adopted a terrestrial density of gram/cm 3 and a plausible collider length scale of L = 10 7 cm. We see that the precision measurements of lepton magnetic moment required to test matter effect gravitational UV/IR mixing lie beyond present experimental capabilities. However, this matter effect would be sought after first finding a larger vacuum gravitational UV/IR mixing effect, which could be found at current experiments [6] .
V. CONCLUSIONS
We have introduced a matter effect variant of the gravitational UV/IR mixing prescription for the cosmological constant problem. It appears that non-local gravitational effects could indeed resolve the cosmological constant problem, so long as physical field densities are properly incorporated when determining the UV cutoff for which field theory breaks down in a space of size L. As we have discussed, matter effect gravitational UV/IR mixing appears to mildly prefer a flat or open universe, although a closed universe with a restricted curvature is also possible. The matter effect UV/IR theory predicts local-density-dependent corrections to extremely precise measurements of fundamental constants, like the magnetic moment of electrons and muons.
Many related topics remain open for further exploration. While we have shown that zero-point loop corrections to vacuum energy can vanish for a universe with a cosmological constant, it will be interesting to determine how this proposal changes in the presence of a quintessence field, or some other source of varying vacuum energy density. We have found the implications of a gravitational UV/IR mixing matter effect for particle experiments, but we have assumed a constant background matter density. A time-varying background matter density should also be considered. We look forward to exploring these and other aspects of gravitational UV/IR mixing in future work. 
Neither will prove useful for the purposes of constructing a realistic cosmology based on matter effect gravitational UV/IR mixing. Starting with the matter effect UV/IR inequality (13),
If we choose κ = 1 as above, it immediately follows that
This implies a Hubble horizon that is larger than or equal to the particle or event horizon. Neither case is permitted in our universe, where it has been observed that L p > H −1 and L e > H −1 [10] .
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